It has long been known that nonlinear refraction in solvents can depend on pulse width, and this along with experimental uncertainties has led to orders-of-magnitude disagreements in nonlinear refractive coefficients reported in the literature. To resolve this issue, we perform beam-deflection (BD) measurements of the rigorously defined nonlinear impulse response function for 24 commonly used solvents selected from various classes of molecules. Using this polarization-resolved BD, the bound-electronic and the three major nuclear contributions are separately measured by determining the magnitudes, symmetry, and temporal dynamics of each mechanism. This allows us to construct the response functions that we use to accurately establish self-consistent references for predicting and interpreting the outcomes of other experiments performed on these materials over the temporal range from 10 fs to 1 ns. The results also provide insight into relating solvent nonlinearities with their molecular structures and exploring the effects of the Lorentz-Lorenz local field. We find that nonconjugated molecules with small polarizability anisotropy exhibit negligible reorientational response, and hence the nonlinear refraction is almost independent of pulse width. Knowledge of the response functions also allows engineering the transient nonlinear refractive properties of solutions of organic dyes, for example, materials with effectively zero nonlinear refraction.
INTRODUCTION
The nonlinear optical (NLO) response of organic solvents has long been studied in the visible and near-infrared spectral range, where they are nearly transparent. The knowledge of the absolute magnitudes and temporal dynamics of the NLO response is critical to interpreting the results performed on solutions of organic dyes, e.g., to separate the response of the solute. To quantify the nonlinear refraction (NLR), a single index, n 2 , where nI n 0 n 2 I, with I the irradiance and n 0 the linear refractive index, is commonly used. However, in cases where the NLO response is not instantaneous, this single quantity is insufficient, which creates problems in comparing literature values [1, 2] . For example, one of the popular reference materials in nonlinear spectroscopy, carbon disulfide (CS 2 ) has been the subject of numerous studies, but the reported values of n 2 taken from references over the past decades [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , as shown in Fig. 1 , vary by over 2 orders of magnitude, depending on the experimental methods, pulse widths used, and interpretation of data. This large discrepancy arises in part from the noninstantaneous nuclear nonlinearity, present in all molecular liquids, which complicates the temporal NLO response of molecular solvents, resulting in an effective NLR coefficient, n 2,eff , which depends on the pulse width [20] [21] [22] [23] [24] [25] .
In our study of CS 2 [20, 25] , we developed a methodology to fully resolve the NLO response functions using our recently developed beam-deflection (BD) technique. By investigating the polarization dependence, BD allows us to separate the boundelectronic and nuclear contributions to NLR without using very short pulses, as has been required in earlier experiments based on the optical Kerr-effect (OKE) technique, which measures the induced birefringence [22] [23] [24] [26] [27] [28] . As discussed in [20, 23, 24] , we decompose the overall response into a nearly instantaneous NLR, which originates from the bound-electronic response, and three major noninstantaneous mechanisms due to nuclear motions, namely, collision, libration, and diffusive reorientation. These mechanisms lead to a time-dependent third-order response, giving a change of refractive index that is linear in irradiance. Some selected solvents were briefly investigated in our previous work [21] .
The usefulness of the response function is that it can be used to predict and interpret the outcomes of other NLO experiments over a wide range of pulse widths. For example, for CS 2 , the response functions determined from our BD measurements in [20, 25] have successfully predicted the pulse-width dependence of n 2,eff measured from Z-scan [20, 29] , as well as the results from other experiments, including degenerate four-wave mixing (DFWM) [20] and optical limiting [30] . In a recent study, our NLO response functions have also been used to interpret the results of mid-infrared supercontinuum generation from CS 2 -core optical fibers, which helps us understand new hybrid soliton dynamics as a result of the noninstantaneous NLR of CS 2 [31, 32] . Recently, seven solvents (also included in this work) were studied along with CS 2 using nonlinear ellipse rotation (NER) experiments [33, 34] for a range of pulse widths, from which predictions of n 2,eff are given using an empirical model [29] . To open up more possibilities for other materials to be used in NLO applications, we follow the same BD methodology as [20, 25] to perform extensive experimental characterizations on the third-order NLO response functions for 24 widely used organic solvents, as listed in Table 1 . These results serve as accurate references for NLR applications using these materials and will be useful to all nonlinear optics researchers, including chemists performing studies of the NLO properties of organic dyes in solution.
In this paper, we first briefly review the physical origins of the nonlinear interactions for molecular liquids, as well as the principles of the BD technique [20, 24, 35] . BD measurements are performed on these 23 solvents, along with CS 2 , under identical experimental conditions. By comparing the measured nonlinearities from different solvents, explanations are given from the standpoint of their molecular structures, which provide insight to help determine structure-property relations. The experimental results of the measured magnitude of the reorientational NLR are compared to the theoretical values derived from the linear polarizability tensors where the Lorentz-Lorenz local-field correction is considered. Finally, using these response functions, the pulsewidth dependence of n 2,eff can be used to predict the outcomes of other experiments, such as Z-scan. Knowing the NLO response function may allow engineering of the NLR properties of solutions or suspensions, for example, mixing self-focusing and self-defocusing materials to obtain zero n 2,eff at a specific pulse width.
THEORY
For typical molecular liquids, the mechanisms governing the refractive index change are the combined bound-electronic and several major nuclear contributions. Light induces both linear and nonlinear polarizations in the molecules, where the second hyperpolarizability, γ, is associated with the polarization proportional to the third order of the field, as defined in [36] . For isotropic liquids, where the molecules are randomly oriented, NLR due to bound electrons can be derived from Rehγi, where h·i indicates orientational (angular) averaging. The boundelectronic response is fast compared to the femtosecond pulses used and can be treated as instantaneous. In lossless media, it can be described by a nonlinear refractive index [2, 36, 37] :
where N is the number density of molecules, n p and n e the (real) linear refractive indices of probe and excitation in BD measurements, ε 0 is the vacuum permittivity, c is the speed of light in vacuum, and f 3 n 2 e 2∕3 2 n 2 p 2∕3 2 is the Lorentz-Lorenz local-field correction factor for third-order nonlinearities [1, 2] .
Besides the bound-electronic NLR, optically induced molecular reorientation can also give rise to a refractive index change. As the optical field polarizes the anisotropic molecule by inducing a dipole moment that may not be in the same direction as the incident field, the molecule experiences a torque to align it towards the field direction. This changes the net degree of orientation from its initial random angular distribution, resulting in a change in the refractive index due to the polarizability anisotropy of the molecules. The induced polarization can be derived from the anisotropic polarizability tensor by considering an angular probability of exp−V ∕k B T , whereV is the alignment energy from the incident field; the Boltzmann constant, k B , and temperature, T , together account for the thermal energy that tends to return the system to a random distribution in angle. Following [1, 2] , the nonlinear refractive index n 2,d due to this diffusive reorientational effect can be written as
where
e 2∕3 are the firstorder Lorentz-Lorenz local-field correction factors at the wavelength of probe and excitation, respectively. Here, we define
q as the effective polarizability anisotropy, where α xx , α yy and α zz are the anisotropic polarizabilities in the molecular frame x,ȳ,z, subscript i denotes the wavelength dependence, which reduces to α zz,i − α xx,i for a linear molecule, where α yy,i α xx,i . With a knowledge of the linear polarizability tensor, the theoretical n 2,d calculated from Eq. (2) allows direct comparison to the n 2,d measured in BD experiments. Unlike the (nearly) instantaneous bound-electronic response, reorientation is a dynamic effect and alters the refractive index in a noninstantaneous (slow) manner that depends on the parameters related to nuclear motion, such as the momenta of inertia and viscosity.
As thoroughly discussed in [20, 23, 24] , the major optically induced nuclear mechanisms, other than diffusive reorientation that may change the refractive index of solvents are molecular libration, collision, and vibration. Following [20, 25] , their noninstantaneous responses are modeled using a nonlinear refractive [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , i.e., a: [3] , c-f: [4] [5] [6] [7] , and h-s: [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Research Article index n 2,m and a normalized response function r m t, with R ∞ −∞ r m tdt 1, where the subscript m indicates the mechanism. r d t, for diffusive reorientation, takes the form of an exponential rise and fall, with time constants τ r,d and τ f ,d , respectively. Initiated by a torque applied by the external field, libration is an oscillatory rocking motion due to interactions with neighboring molecules. The librational response is modeled using a quantum harmonic oscillator with an antisymmetrized Gaussian distribution function with the center frequency ω 0 and bandwidth σ [22, 38] . Libration arises from the same source as the diffusive reorientation and has the same symmetry. Additionally, the field-induced dipole will reradiate an electric field, which will affect its neighboring molecules by distorting their polarizabilities, thus giving a refractive index change. This is referred to as collision-induced NLR, which is modeled using an exponential rise and fall for its response function [23] . Vibrational motion can 
Benzene (10) 2 -a n 2,m are given in the units of 10 −19 m 2 ∕W with ∼20% estimated errors from uncertainty in irradiance; τ r,m and τ f ,m are given in units of ps, errors in τ f ,d are 500 fs, and those in all others are either 50% or 100 fs (whichever is less) unless stated; ω 0 and σ are given in units of ps −1 , errors of 50% or 2 ps −1 (whichever is less) unless stated.
be excited by a broadband femtosecond pulse through the stimulated Raman effect, provided the corresponding vibrational mode is Raman-active and the excitation pulse is comparable to the vibrational period. The response function of NLR from nuclear vibration takes the form of a damped oscillation at frequency ω v , with a decay constant τ f ,v .
Following the methodology in [20, 23, 39, 40] , these nuclear contributions are treated as linearly independent, giving the combined response function Rt P m n 2,m r m t. Together with the bound-electronic NLR, this leads to an irradiance-and time-dependent third-order response, yielding a change of refractive index linear in the excitation irradiance I t as
POLARIZATION-RESOLVED BD
The BD technique [35] used to determine the NLO response functions of solvents is a highly sensitive excite-probe technique, simultaneously measuring the absolute magnitude, sign, and temporal dynamics of both NLR and absorption. It has been shown that BD is capable of measuring a nonlinear phase change as small as 0.3 mrad (optical path length change of λ∕20,000 ). Previously, BD had been extensively used to investigate ultrafast nonlinearities in various material systems: the NLR in fused silica [35] , NLO response function in CS 2 [41] , nondegenerate NLR in semiconductors [42] , NLR transients in molecular gases [41] , and possible magneto-electric nonlinearities in solvents [43] . The principle of BD has been explicitly described elsewhere [20, 35] . Described briefly, optical pulses are used as excitation to create an index gradient via ultrafast NLR, deflecting the temporally delayed probe pulse with a small angle. This principle has been employed in an earlier experiment where the BD was induced by a temporal prism formed by a triangular area-modulated excitation beam [44] . In our experiment, the index gradient follows the spatial irradiance distribution of the excitation beam, i.e., Gaussian, and the deflection of the probe is measured by using a segmented detector by taking the difference of the energy, ΔE, falling on the left and right halves, as illustrated in Fig. 2 . The normalized BD signal, ΔE∕E, where E is the total transmitted probe-pulse energy, is directly proportional to the Δn temporally averaged over the probe pulse and tells the sign of NLR from the deflection direction without the implementation of optical heterodyne detection, as is needed in OKE and DFWM experiments.
By varying the angle θ between the polarizations of excitation and probe, BD measures the tensor symmetries of third-order nonlinearities. This allows separation of bound-electronic response from some of the nuclear contributions, as they follow different polarization dependences [35, 41, 42] . Within the Kleinman (low-frequency) limit [1, 2] , bound-electronic, collisional, and vibrational responses follow isotropic symmetry, giving n iso 2, k ∕n iso 2, ⊥ 3 for parallel k and perpendicular ⊥ polarizations; librational and diffusive reorientational effects arise from the same field-induced torque and follow the reorientational symmetry, giving n re 2, k ∕n re 2, ⊥ −2. At the magic angle, θ 54.7°, the librational and diffusive reorientational contributions vanish, making possible the determination of n 2,el as well as Rehγi, along with a relatively small and delayed collisional response. Unlike other techniques such as OKE, where short femtosecond pulses, e.g., ∼50 fs, are needed to separate different contributions based on temporal responses [22] [23] [24] 26, 27] , the polarization-resolved BD allows us to unambiguously determine bound-electronic NLR, even with pulse widths longer than the rise time of nuclear responses.
BD measurements are performed using 21 μJ, 150 fs (FWHM) excitation pulses at a wavelength of 800 nm directly from a Ti:sapphire amplified system with a repetition rate of 1 kHz. A portion of the excitation is used to generate a whitelight continuum by focusing into a 1 cm quartz cuvette filled with water, which is then spectrally filtered by a narrow bandpass interference filter (Δλ ∼ 10 nm) at 700 nm to use as the probe. The excitation and probe are focused to 290 μm and 40 μm (HW1∕e 2 M ), respectively, at the sample. Deflection of the probe is detected by a quad-segmented Si photodiode (OSI QD50-0-SD) placed 25 cm behind the sample. The 24 solvents are all measured in 1 mm path length fused silica cuvettes under identical experimental conditions, and the contribution from the cuvette is measured separately and subtracted from the signal for each polarization.
Note that the wavelengths of the excitation and probe are chosen to be slightly nondegenerate to avoid coherent artifacts common in degenerate experiments [45] . Although the wavelengths are close enough to keep the reduction of temporal resolution caused by group velocity mismatch (GVM) to a minimum, we use the methodology developed in [41, 46] to take into account any GVM in our analysis to obtain precise fits of the data.
RESULTS AND DISCUSSION
As an example of how to extract the parameters of the NLO response functions from the polarization-resolved BD measurements, the measured signal, ΔE∕E, of benzene is shown in Fig. 3(a) as a function of delay with parallel, perpendicular, and magic-angle polarization combinations. Benzene is an aromatic molecule, with a planar structure such that the polarizabilities parallel to the ring plane are much larger than in the perpendicular direction [47] . The linear polarizabilities of benzene can be found in Table 2 . Since benzene has a relatively large anisotropy, much like CS 2 [35, 41] , the libration and diffusive reorientation contribute considerably to the NLR.
In the parallel polarized case, the instantaneous boundelectronic response is followed by a quickly damped librational response and then a slow exponential decaying component from molecular reorientation that dominates at long delays. The Research Article perpendicular polarization data are positive around zero delay, mainly due to the bound-electronic response and then rapidly become negative due to the tensor symmetry of librational and reorientational NLR, which decays at longer delays. At the magic angle, neither the librational nor the reorientational responses affect the probe, so ΔE∕E nearly follows the cross-correlation of the excitation and probe pulses, with an additional small noninstantaneous component due to the collision-induced mechanism [51] [52] [53] .
The parameters of NLO response function can thus be extracted from the fit of the data. First, bound-electronic and collisional responses are determined by fitting the slightly asymmetric signal from the magic-angle polarization. We compare the measured n 2,el of benzene to the reported values in the literature using third-harmonic generation [54] and field-induced secondharmonic generation [55] techniques and found agreement within the experimental errors. Then, the librational and reorientational responses are be found by simultaneously fitting the parallel and perpendicular polarization data. The minor discrepancy between data and fits may come from noise sources such as laser fluctuations, as well as the subtraction of cuvette contributions. We do not observe a vibrational component in benzene, since the bandwidth of the excitation pulse does not overlap with the first vibrational transition. Figure 3(b) plots the normalized response functions for all the noninstantaneous components using the fit parameters given in Table 1 , which consist of a fastrising and rapidly damped librational component, a relatively small response due to the collisional-induced mechanism, and a slow decaying (>1 ps) response due to diffusive reorientation. Summing up, the three responses result in a maximum ∼110 fs after zero delay. Together with the bound-electronics response, we construct the total NLO response function of benzene.
We have also performed BD measurements for six benzene derivatives, of which the results for toluene, p-xylene, pyridine, nitrobenzene, o-dichlorobenzene, and butyl salicylate are shown in Fig. 4 . In general, the benzene moiety plays a significant role in the overall nonlinearity of the molecule, but effects from certain substitutions are also considerable. The effects from methyl-group substitutions are relatively small in molecules such as toluene and p-xylene, for which we obtain similar values of n 2,el as benzene, which suggests a negligible effect from methyl substitutions. However, we observe that n 2,d becomes slightly larger with increasing numbers of methyl groups, i.e., n 2,d (p-xylene) >n 2,d (toluene) >n 2,d (benzene), which is probably attributed to the increase of effective polarizability anisotropy [47] . Similar effects are observed for pyridine, which is structurally and electronically similar to benzene by the exchange of one of the carbon-ring atoms with a nitrogen. However, for more heavily substituted benzene derivatives, we observe the reorientation-related NLR responses to be significantly altered. For example, in o-dichlorobenzene, a significant difference appears in the changes of the resonance frequency and bandwidth of the librational motion. For nitrobenzene, we measured a n 2,d ∼2.2 × larger than that of benzene, along with a longer diffusive reorientational lifetime Table 1 .
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. Despite the large changes in librational and reorientational responses, their n 2,el values measured from the magic-angle polarization data are measured to be the same as that of benzene within measurement error, indicating that the electronic interactions introduced from these substitutions are small. However, a smaller n 2,el is measured when benzene includes an ester group substitution, i.e., butyl salicylate. To fully understand the effects of benzene substitutions on the bound-electronic NLR, rigorous analysis of the electronic structure and calculations of the second hyperpolarizabilities would be needed [56] [57] [58] . BD measurements of dichloromethane, chloroform, and carbon tetrachloride (CCl 4 ) are shown in Fig. 5 . These three molecules all have similar tetrahedral geometries, but with different numbers of H (or Cl) atoms, which affect both electronic and nuclear NLR. As shown in Figs. 5(a) and 5(b), dichloromethane and chloroform show similar noninstantaneous responses that decay within the first several picoseconds. We attribute this to their asymmetrical structures, as shown in the insets, which lead to the anisotropic polarizabilities listed in Table 2 [47] . The reorientation-related responses vanish in CCl 4 , shown in Fig. 5(c) , which is a highly symmetric molecule with zero polarizability anisotropy, i.e., α xx α yy α zz , resulting in n 2,d 0, based on Eq. (2). Therefore, the fits only consider a bound-electronic and a relatively small collision-induced mechanism. Using a shorter excitation pulse width of 50 fs leads to the excitation of the Raman-active vibrational mode at the frequency of 218 cm −1 [59] , corresponding to the "scissor" vibrational motion. Figure 5(d) shows the BD measurement with a 115 fs probe polarized parallel to the excitation of the combination of CCl 4 and cuvette. The oscillatory signal is fit with a single frequency ω v 40.8 rad∕s (218 cm −1 ) with a decay constant τ f ,v 1.2 ps and an NLR coefficient of n 2,v −0.05 × 10 −19 m 2 ∕W, where the subscript v denotes the vibrational mechanism. Note the NLR due to molecular vibration is relatively small compared to other nuclear mechanisms in CCl 4 . Comparing the bound-electronic NLR, n 2,el increases with the number of C-Cl bonds, i.e., n 2,el CCl 4 > n 2,el CHCl 3 > n 2,el CH 2 Cl 2 . This is consistent with a higher second hyperpolarizability for the C-Cl bond than for the C-H bond [60] .
Molecules with asymmetric structures do not necessarily show large librational and reorientational NLR. The magnitudes of these responses are closely related to the value of polarizability 
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Vol. 5, No. 5 / May 2018 / Opticaanisotropy. For example, like benzene, cyclohexane is a cyclic molecule with six carbon atoms, but they are combined with single bonds without π electrons, which leads to a small anisotropy in its polarizability [47] .
Also, cyclohexane has a twisted structure, i.e., chair or boat conformations, which may also result in a smaller anisotropy. As shown in Fig. 6(a) , n 2,l and n 2,d for cyclohexane are much smaller than those of benzene [compare with Fig. 3(a) ]. Alcohols are all asymmetric molecules, but their responses are dominated by boundelectronic NLR with some small noninstantaneous components that decay in several hundred femtoseconds. As an example, the results for 1-octanol are shown in Fig. 6(b) . The noninstantaneous responses include collisional NLR as well as a very small reorientation-related response observed from the difference between parallel and perpendicular polarizations. Similar signals are also observed for methanol, ethanol, and 1-butanol, as shown in Figs. S1 (a)-S1(c). We attribute it to librational NLR, as the ∼150 fs decay time is too fast for typical diffusive reorientational responses. Along with the fit parameters in Table 1 , an upper limit of n 2,d is estimated, based on experimental noise at longer delay. Similar to cyclohexane, this small reorientational NLR can be attributed to the fact that alcohols are single-bonded molecules without conjugation, so the polarizability along the molecular axis is not significantly larger than in other directions [47] , yielding a small anisotropy. As shown in Table 2 , the theoretically predicted n 2,d of ethanol, calculated from the polarizability tensor using Eq. (2), is ∼8 × smaller than that of dichloromethane and ∼24 × smaller than that of benzene.
Similar responses are measured in other solvents, including dimethyl sulfoxide, hexane, tetrahydrofuran, water, and heavy water, as shown in Figs. S1(d)-S1(h), which all have an asymmetric structure but with the bound-electronic response dominating their NLR. The other solvents included in this study are acetone, acetonitrile, and dimethylformamide (DMF). The BD results (see Figs. S1(i)-S1(k) and Table 1) show their NLO response functions have contributions from all three major nuclear mechanisms.
The NLO response function of solvents measured from BD experiments is useful to compare to the values predicted Research Article by theoretical models. From the measured n 2,el , the electronic second hyperpolarizability Rehγi may be derived from Eq. (1), which includes the third-order Lorentz-Lorenz local-field correction factor f 3 , which serves as a comparison of Rehγi measured in the gas phase, where f 3 ∼ 1. In our previous studies [20, 25, 36, 41] , we measured Rehγi of CS 2 molecules in both gas and liquid phase, which showed agreement with a local-field factor of f 3 5.35 in the liquid phase. Therefore, assuming localfield theory is correct, gas and liquid phase CS 2 has the same value of second hyperpolarizability. Gas-phase measurements on the other solvents will provide more comparisons of Rehγi to their liquid phase counterparts as derived from n 2,el in Table 1 , which should indicate how third-order local-field theory works for other molecules, including polar molecules.
We may compare measurements of n 2,d to theoretical values calculated via Eq. (2) in Table 2 using polarizability tensor elements α xx , α yy , and α zz from experimentally measured values in [48] [49] [50] . Here we take Δα e Δα p , as the wavelengths used for excitation and probe are nearly degenerate in this experiment, and their dispersion is nearly flat. Note that the theoretical prediction of linear refractive index using these tensor elements has shown good agreement with experimental results when the Lorentz-Lorenz local-field correction factor is considered. However, Eq. (2) itself tends to significantly overestimate n 2,d by a factor of 3-6, depending on the solvent. Surprisingly, neglecting the Lorentz-Lorenz local-field correction factor, i.e., n 2,d ∕f
2 , results in better agreement with our experimental measurements. This disagreement is likely due to the simplified theory [1, 2] not taking into account the full molecular dynamics and the impact of liquids correlation on the internal field. It has been suggested that the simple Lorentz internal field assumed in the theory is inadequate, and an accurate picture requires additional terms in Eq. (2) to take into account the effect from correlated distribution of molecules [61] . With the current theory, the field-induced torque and thermal relaxation experienced by the molecule results only in diffusive reorientation and does not include many-body effects, which give rise to librational and collisional effects. Full molecular dynamics simulations [62] may be necessary to capture the intermolecular behavior and correctly predict the NLO response function.
DETERMINATION OF EFFECTIVE n 2 VERSUS PULSE WIDTH
With knowledge of the NLO response function, we are able to predict the effective NLR coefficient, n 2,eff , for single-beam experiments such as Z-scan, where the index change is averaged temporally over the pulse irradiance. In [20] , n 2,eff is derived by taking into account both bound-electronic NLR and the overall response functions of the nuclear mechanisms, which yields n 2,eff n 2,el
This results in a pulse-width dependence of the effective NLR of the material. For very short pulses, i.e., <50 fs, only the boundelectronic nonlinearity contributes significantly (n 2,eff ≅ n 2,el ) due to its nearly instantaneous nature. For longer pulse widths, the noninstantaneous nuclear nonlinearities, particularly librational and reorientational responses, start to contribute and may even become dominant for very long pulses, which increases n 2,eff . The effect has been previously investigated for CS 2 using Z-scan with the pulse width varied over 3 orders of magnitude [20] , where the pulse-width dependence of n 2,eff was well predicted from Eq. (4) using the NLO response functions determined from BD measurements. The pulse-width dependence of n 2,eff also helps us to understand the large discrepancies in Fig. 1 for measurements of n 2 of CS 2 . If we plot these values according to the pulse width used in each of these references, the overall discrepancy between theory and experiment is greatly reduced, as seen in Fig. 7(a) . Fig. 7 . Predictions of pulse-width dependent n 2,eff of (a) CS 2 using parameters in Table 1 , which is compared to Z-scan measurements in [20, 25] , as well as literature values a-s from references specified in the caption of Fig. 1; (b) ,(c) predictions of the other 23 solvent molecules using parameters in Table 1 .
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Based on the same methodology, we calculate the pulse-width dependence of n 2,eff for the other 23 solvent molecules using the NLO response functions with parameters given in Table 1 , as shown in Figs. 7(b)-7(d) . These results represent the predictions of the outcomes of Z-scan measurements using various pulse widths. The n 2,eff of the benzene derivatives at longer pulse widths (>10 ps) increases ∼8 × over the short pulse limit, primarily owing to their large n 2,l and n 2,r , while ∼4 × increase of n 2,eff is seen for chloroform for the same reasons. CCl 4 and alcohols with zero or negligible reorientational nonlinearities do not show a considerable increase of n 2,eff for longer pulse widths as expected from their response functions, e.g., n 2,eff of ethanol shows an increases of only ∼1.3 × for long pulse widths, which is consistent with the observation in [29] . Other NLO experiments such as Z-scan can be used to verify such predictions from BD measurements, as is shown for CS 2 [20, 25] .
While the literature on these solvents is less extensive than for CS 2 , the same corrections can be made for literature-reported values of n 2 for these molecules. As shown in Fig. 8 for toluene and chloroform, the predictions of the pulse-width dependent n 2,eff account for the nuclear contributions using the response functions in Table 1 . The comparisons of the predictions to literature values for some other solvents are shown in Fig. S2 .
ENGINEERING THE EFFECTIVE n 2 IN SOLUTIONS
The NLO response function of solvents also helps interpret experimental results from measurements performed on solutions of organic dyes. By separating the contributions from solvent and solute, the origins of the nonlinearity for the organic molecule itself (solute) can be revealed. For example, two cyanine-like dyes, denoted as AJBC3701 and YZ-V-69, with their molecular structures shown in the inset of Figs. 9(a) and 9(b), respectively, have been extensively studied in our previous work using the dual-arm Z-scan technique [63, 64] . A large and negative NLR along with a relatively small two-photon absorption is measured at wavelengths approaching their linear absorption edge, making them possible candidate materials for organic all-optical switching application [63, [65] [66] [67] . To explore the physical origins of this large and negative NLR, we make two solution samples by dissolving AJBC3701 and YZ-V-69 into DMF and CCl 4 , respectively, and perform BD measurements on them to resolve the temporal dynamics of the NLR. As shown in Fig. 9(a) , a 0.65 mM AJBC3701 solution and a pure DMF solvent are measured under identical experimental conditions, with 4 μJ excitation pulses at the wavelength of 1250 nm at a 1 kHz repetition rate with probe pulses at 950 nm. The beam radii (HW1∕e 2 M ) of excitation and probe are 470 μm Fig. 8 . Predictions (blue) of pulse-width dependent n 2,eff of (a) toluene and (b) chloroform using parameters in Table 1 , which are compared to literature values a-s from references specified in the caption of Fig. 1 . and 90 μm; pulse widths are 110 fs and 160 fs, determined from auto-and cross-correlation measurements. The solution shows a negative signal near zero delay and switches sign to positive to reach a maximum at ∼200 fs, which then decays slowly in the next several picoseconds. This signal can be understood by comparing it to the transient NLR of the pure solvent (here DMF). The initial negative signal is attributed to the combined bound-electronic NLR of AJBC3701, DMF, and the cuvette. Then the nuclear (slower) nonlinearities of DMF, i.e., librational and diffusive reorientational NLR, start to contribute and result in the following positive NLR. The complete overlap of the decaying signals between solvent and solution measurements indicates it originates solely from the reorientational relaxation of DMF. The response of the pure solute (AJBC3701) is extracted by subtracting the solution signal from the solvent background, which is negative and follows the cross-correlation of excitation and probe pulses, indicating its origin as bound-electronic NLR. We fit it with a nondegenerate NLR cross section δ −3500 GM, which is larger than the value measured from the dual-arm Z-scan at the same wavelength of the probe [63] , possibly due to the intermediate-state resonance enhancement of NLR [68] . Using the nuclear components of the response function of DMF in Table 1 , we fit the BD signal from the AJBC3701 solution sample in Fig. 9 (a) with a negative bound-electronic NLR, i.e., n 2,el −0.17 × 10 −19 m 2 ∕W , at this particular concentration of AJBC3701.
Similarly, we also perform BD measurements on a 0.32 mM YZ-V-69 solution with a pure CCl 4 solvent, using nearly frequency-degenerate excitation and probe pulses around the wavelength of 1200 nm, as shown in Fig. 9(b) . The bandwidth is 10 nm (FWHM) for both excitation and probe pulses; the beam radii (HW1∕e 2 M ) are 470 and 120 μm, and pulse widths are 150 and 220 fs. The response function of CCl 4 is dominated by bound-electronic NLR with a small noninstantaneous contribution from the collision-induced mechanism. We confirm that the large and negative NLR of YZ-V-69 also originates from the bound-electronic nonlinearity. A fit of the solute signal gives δ −2500 GM, in agreement with previous measurements by Z-scan [63] .
The transient NLR of the AJBC3701 solution results in an interesting pulse-width-dependent n 2,eff , as shown in Fig. 9(c) . The negative bound-electronic NLR from the solute leads to a negative n 2,eff for short pulses, but a positive n 2,eff is predicted for longer pulse widths due to the slower nuclear responses of the solvent. There is a particular pulse width, i.e., 82 fs for a concentration of 0.65 mM, at which n 2,eff becomes zero. As shown in Fig. 9(c) , with knowledge of the NLO response function of the solvent, the zero-crossing pulse width of n 2,eff of a solution can be engineered by varying the concentration of the solute, e.g., 536 fs and 2.6 ps, when increasing the concentration by 1.5 × and 2 × , respectively. Unlike solid-state materials with dopants, where the negative NLR from induced carriers is usually long-lived and accompanied by large linear loss, the solutions developed here utilize the negative bound-electronic NLR from certain solutes that is nearly instantaneous, and with no linear loss.
Note, at the pulse width where n 2,eff ∼ 0, the rising and falling edges of the pulse still experience negative and positive phase changes [42] , but the overall phase change is temporally averaged to zero. This allows for high-energy supercontinuum generation in condensed matter, where the zero n 2,eff significantly increases the critical power threshold for catastrophic self-focusing, but the nonzero first temporal derivative of n 2,eff still leads to spectral broadening via self-phase modulation.
For applications where n 2,eff is required to be nearly zero for any pulse width used, solvents such as CCl 4 and alcohols are good candidates, as the bound-electronic NLR dominates their nonlinear response [69] .
CONCLUSION
We have experimentally determined the third-order NLO response functions for 24 solvents using our recently developed BD technique. By investigating the temporal dynamics and polarization dependence, the bound-electronic and nuclear contributions to NLR are explicitly separated. For molecules with anisotropic polarizabilities, we observe a universal temporal response of NLR, which can be decomposed into four major mechanisms, namely, a nearly instantaneous bound-electronic NLR, a fast-rising but quickly damped response due to librational motion, a relatively small noninstantaneous collision-induced component, and an exponential decaying response from molecular reorientation that dominates on longer time scales. Note that Raman-active vibrational motion may also be excited if the pulse width is short enough, which manifests as a damped oscillatory response of NLR; however, this was not thoroughly investigated in this work. In addition, for nanosecond pulses, the effects of electrostriction can become significant, which is not included in this work. We therefore put an upper limit on the pulse width of the predictive capabilities of ∼1 ns.
We found the NLO response functions are closely related to their molecular structures. Benzene derivatives exhibit large librational and diffusive reorientational responses, and the benzene moiety in general plays a significant role in the overall nonlinearity. This is in part because of its aromaticity, resulting in a planar structure with a relatively larger polarizability anisotropy. Depending on the substitution groups, the nonlinear response of benzene derivatives may be altered. The results show methyl substitutions give minor effects on both electronic and reorientational NLR. But very different reorientation-related responses are measured in nitrobenzene and o-dichlorobenzene, and slightly smaller electronic NLR is measured in butyl salicylate. The results also indicate the magnitude of the reorientational contribution is dependent upon the linear polarizability anisotropy of the molecule. Negligible reorientational response is observed in singlebonded molecules such as alcohols and cyclohexane.
Additionally, the reorientation NLR coefficient, n 2,d , measured from polarization-resolved BD allows direct comparison to the value derived from the linear polarizability tensors with Lorentz-Lorenz local-field corrections. The comparisons based on selected solvents from Table 2 show better agreement between experiment and theory if the Lorentz-Lorenz local-field correction factor is not included. However, the full molecular dynamics and many-body effects are not taken into account in this theory. Also, the values of bound-electronic n 2,el of these solvents are unambiguously determined from magic-angle measurements, from which the electronic second hyperpolarizability, γ, can be derived considering a third-order (nonlinear) Lorentz-Lorenz local field. These γ values measured in liquid phase can be compared to those of the isolated molecules measured in gas phase, where the localfield effect is negligible. This has been previously investigated for CS 2 [36, 41] , where γ is found to be equal for liquid and gas phase measurements. The measurements of γ for other solvents in gas phase are the subject of future work.
The effective nonlinear refractive index n 2,eff for these solvents has been calculated over a range from 10 fs to 100 ps based on the parameters of the measured response functions, which serve as predictions for other experiments such as Z-scan with various pulse widths. Significant pulse dependence, i.e., nearly an order of magnitude increase of n 2,eff with longer pulse width, is predicted for molecules with large polarizability anisotropy, such as benzene derivatives. n 2,eff of nonconjugated molecules such as alcohols is almost independent of the pulse width used.
With the knowledge of the NLO response function of the solvents, we are able to interpret experimental results performed on dyes in solution. We have demonstrated this for cyanine dyes dissolved in DMF and CCl 4 and confirm the bound-electronic origins of their NLR. The NLO response functions also allow us to engineer the transient NLR properties of solutions using organic dyes with a negative NLR. For example, by choosing a proper concentration of the cyanine-like dyes, one can make a solution with nearly zero n 2,eff for a particular pulse width of interest. It will also be of interest to investigate the spectral broadening in some solutions at a certain pulse width.
We therefore establish accurate references for 24 common nonlinear solvents by offering the response function as a complete picture of their NLO properties. These response functions provide a rich database to explore the molecular structure-property relations and serve as the fingerprints for material identification or chemical sensing. In addition, the response function allows us to predict the outcomes of other NLR-related experiments on these materials and helps in optimizing the experimental parameters, such as pulse width used in the experiments or applications. The knowledge also enables developing new nonlinear solutions by engineering the transient NLR properties. 
